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Ba0.5Sr0.5Co0.8Fe0.2O3 – δ (BSCF) composite oxide has attracted 
considerable attention as an oxygen separation membrane [1] and 
as a low temperature solid oxide fuel cell (SOFC) cathode material 
[2]. This ceramic material is a mixed electronic and ionic conduc-
tor with a perovskite structure [3]. 

Thin film deposition as applied to micro-solid oxide fuel cell 
(µSOFC) fabrication is an emerging and highly active field of 
research that is attracting greater attention [4]. Thin films of 
mixed-conducting materials are considered important due to their 
potential application in µSOFCs [5]. Miniaturization of SOFCs is 
desirable because portable devices have an increasing demand for 
energy, and in comparison µSOFCs have, by several orders, a 
higher energy density than conventional batteries [6]. 

Pulsed laser deposition (PLD) is a physical method of thin film 
deposition in which a high power pulsed laser beam is focused 
inside a vacuum chamber to ablate a target composed of the de-
sired thin film material, which is then to be deposited onto a sub-
strate. Pulsed laser deposition is used to produce thin films of 
many materials because of the preservation of the stoichiometry 

from target to the thin film [7]. The control over the desirable 
structure of the grown thin films can be achieved by variation of 
pressure and substrate temperature, pulse energy, wavelength and 
substrate – target distance which could lead to dense films without 
significant defects, pores and cracks.  

Baumann et al. [8] reported the fabrication of dense BSCF films 
on top of polished 9.5 mol% Y2O3-doped ZrO2 (YSZ) single crys-
tals at a repetition frequency of 5 Hz, deposition rate of 8 nm/min, 
in a 40 Pa oxygen atmosphere, while the substrate was kept at a 
temperature of 1043 K. The authors also reported that, following 
deposition, the films with a thickness of 100 (±10) nm were an-
nealed at 923 K for 30 min in 105

 Pa oxygen. 
Recently, Burriel et al. [9] deposited epitaxial BSCF thin films 

on NdGaO3 single crystal substrate followed by evaluation of the 
electrical conductivity properties as well as surface exchange coef-
ficients. 

We have investigated the microstructure of BSCF thin films 
deposited on Si with a native oxide layer and MgO substrates by 
pulsed laser deposition (PLD) in the temperature range from RT to 
1073 K and at oxygen pressures from 6.66 to 39.99 Pa in order to 
understand its influence on the thin film properties and in order to 
produce dense defect-free thin films (Table 1). An additional goal *To whom correspondence should be addressed: Email: sasa.zeljkovic@unibl.rs 
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was the investigation of the annealing influence on the thin film 
microstructure, densification and crystal structure. 

The BSCF target for PLD was made from Ba0.5Sr0.5Co0.8Fe0.8O3-δ, 
99.9%, Praxair powder. The powder (10.00g) was first pressed in 
the uniaxial press for two minutes under a pressure of 14.6 MPa, 
and afterwards in the isostatic press for 2.5 minutes under a pres-
sure of 582.4 MPa, turning it into a round pellet. The pellet was 
sintered at 1373 K for 6 hours. Heating/cooling rates were 3Kmin-1. 
XRD measurements confirmed a single-phase Ba0.5Sr0.5 Co0.8F -
e0.2O3–δ perovskite structure. 

The films were deposited in the PLD facility with a PLD work-
station (Surface, Hueckelhoven, Germany). The BSCF target was 
irradiated at a 10 Hz repetition rate from a KrF excimer laser with a 
wavelength of 248 nm. The pulse energy was 200 and 250 mJ with 
pulse duration of 25 ns. During the experiments it was observed 
that the change in energy of the laser beam does not significantly 
change the plume characteristics. 

The target-substrate distance was adjusted from 55 to 70 mm 
with beam cross-section 8x17 mm2. It has been concluded that a 
distance of 55 mm together with laser energy of 250 mJ gives the 
optimal results as well as an absence of clusters. Target rotation 
was held at 10 rpm. In some experiments the substrate was also 
rotated up to 10 rpm, which gave better thickness uniformity. 

The substrate was heated up to 1073 K by an oxygen compatible 
furnace; the temperature distribution was uniform on a circular area 
with a diameter of 2“. The heating rate in all experiments (in which 
a heating step occurred) was held to 10 K/min. 

Background pressure of oxygen was 6.66 – 39.99 Pa, obtained 
by a turbo molecular pump. Also, the pulse number directly influ-
enced the thickness of the thin film. It was considered that each 
pulse deposits 0.1 nm of the material. Thin films were deposited on 
the silicon with native oxide and on the MgO. 

Thin films and pellets have been characterized with a LEO Gem-
ini 1530 FEG-SEM. For most of the experiments the acceleration 
voltage was set to 3 kV. 

For measuring diffractograms of pellets, thin films and powders, 
a SIEMENS D-5000 diffractometer with Cu-Kα X-ray tube (λ=154 
nm) and Θ-2Θ configuration was used. All measurements had a 
range from 5˚ (15˚ for experiments at the beginning of work) to 75˚ 
and a step of 0.05˚. 

For thermal analysis a NETZSCH STA 449 C Jupiter equipped 
with Rhodium-Platinum furnace was used. The gas flows were 
controlled by Bronkhorst flow meters with magnetic valves. 

The microstructure of the thin film was influenced by various 
factors during deposition process. At most, thin film surface struc-
ture was influenced by pressure, temperature of substrate, frequen-
cy of the laser beam, and substrate material. 

From the structural zone model proposed by Thornton [10] it is 
known that there are four zones in the pressure-temperature dia-
gram. In the Thornton diagram, the T zone (transition zone) is the 
most favorable. The T zone consists of dense fibrous grains. Ac-
cording to Thornton, Zone 1 consists of tapered crystals with 
domed tops, which are separated by voided boundaries. The inter-
nal structure of the crystals has a high density of defects. Zone 2 
consists of columnar grains separated by distinct, dense, intercrys-
talline boundaries; the surface has a smooth matte appearance. 
Zone 3 consists of equiaxed grains with a bright surface. The struc-
ture and properties correspond to a fully annealed metal. 

The Thornton diagram, which has been used as an orientation for 
experiments, showed that the T zone represents the thin films as 
required. 

In line with the Thornton results is the fact that thin films depos-
ited at RT and in 39.99 Pa of oxygen (Figure 1(a)–(b)) had a co-
lumnar structure with big grains of poorly diffused material. During 
deposition, the substrate was not heated enough to ensure the sur-
face mobility. The structure was porous and the density of this film 
was low. The thin film deposited at 673 K in 6.66 Pa of oxygen 
(Figure 1(c)) had a denser structure compared to the thin film de-
posited at room temperature. The same thin film has been annealed 
at 973 K. The SEM image made after the annealing experiment 

Table 1. Ba0.5Sr0.5Co0.8Fe0.2O3-δ deposition conditions 
Experiment number 01 02 03 04 05 06 07 08 

Energy [mJ] 210 250 250 250 250 210 250 200 
Frequency [Hz] 10 10 10 10 10 10 10 10 
Temperature [K] 673 873 873 673 673 RT 673 1073 
Heating rate [Kmin-1] 10 10 10 10 10 - 10 10 
Pulse number [k] 20 50 50 50 50 10 50 50 
Oxygen pressure [Pa] 6.66 6.66 13.33 13.33 13.33 39.99 6.66 6.66 
Target rotation [rpm] 10 10 10 10 10 10 10 10 
Substrate rotation [rpm] - - - - - - - - 
Substrate distance [cm] 6.5 6.5 6.5 6.5 6.5 5.5 6.5 6.5 
Substrate material Si Si Si Si Si Si MgO MgO 

Experiment number 09 10 11 12 13 14 15 16 
Energy [mJ] 200 250 200 250 250 250 250 250 
Frequency [Hz] 10 10 10 10 10 10 10 10 
Temperature [K] 1073 673 673 573 873 1073 973 873 
Heating rate [Kmin-1] 10 10 10 10 10 10 10 10 
Pulse number [k] 50 100 100 100 100 100 150 100 
Oxygen pressure [Pa] 6.66 6.66 6.66 26.66 26.66 26.66 26.66 26.66 
Target rotation [rpm] 10 10 10 10 10 10 10 10 
Substrate rotation [rpm] - 10 - 10 10 10 10 10 
Substrate distance [cm] 6 6.5 5.5 5.5 5.5 5.5 5.5 7 
Substrate material MgO/Si MgO/Si MgO Si Si Si Si Si 
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Figure 1. SEM morphologies of the Ba0.5Sr0.5Co0.8Fe0.2O3-δ thin films deposited on (a) Si at RT in 39.99 Pa of O2, sectional view, (b) Si at 
RT in 39.99 Pa of O2, cross-section, (c) MgO at 673 K in 6.66 Pa of O2, sectional view, (d) MgO at 673 K in 6.66 Pa of O2 after annealing 
(973K), sectional view, (e) MgO at 1073 K in 6.66 Pa of O2, sectional view, (f) MgO at 1073 K in 6.66 Pa of O2, cross-section, (g) Si at 
873 K in 26.66 Pa of O2, sectional view, (h) Si at 873 K in 26.66 Pa of O2, cross-section. 
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showed densification of the film and bigger grains compared to the 
material before the annealing (Figure 1(d)). Thin films deposited at 
873 K in 26.66 Pa of oxygen had a columnar structure (Figure 1(g)-
(h)) with closely packed columnar grains. With increasing tempera-
ture the structure of the thin film changed from larger grain and 
fibrous – columnar structure to a fully dense surface. Full densifi-
cation and transition from columnar to fully dense structure takes 
place between 973 and 1073 K. Thin films deposited at 1073 K in 
6.66 Pa of oxygen onto a MgO substrate were dense but also 

cracked and delaminated (Figure 1(e)-(f)). The exact temperature at 
which cracking occurred is not known. Thin films deposited at 
1073 K in 26.66 Pa of oxygen onto a Si substrate (Figure 2(a)-(b)) 
were dense and more delaminated than the thin films deposited 
onto a MgO. On the sites where the thin film was not separated 
from the substrate zone slight diffusion, 400 nm thick could be seen 
(in BSCF and Si layer). 

The crystal structure of the thin films changed with the 
deposition temperature. The number of peaks assigned to 

 

Figure 3. Diffractograms of Ba0.5Sr0.5Co0.8Fe0.2O3-δ deposited at 573 K (experiment 12), 873 K (experiment 13) and 1073 K (experiment 
14) with marked Ba0.5Sr0.5Co0.8Fe0.2O3-δ peaks. 
 
 

 

Figure 2. Sectional SEM morphologie of the Ba0.5Sr0.5Co0.8Fe0.2O3-δ thin film deposited on Si at 1073 K in 26.66 Pa of O2 (experiment 14). 
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Ba0.5Sr0.5Co0.8Fe0.2O3-δ X-ray spectra was increasing with the sub-
strate temperature during thin film deposition (Figure 3). 

The expansion of the lattice in the perovskite structures are main-
ly attributed to a phase transformation [11,12,13,14], thermal ex-
pansion due to increasing temperature (DT) and chemical expan-
sion [15]. It was found that the phase transformation starts at 1073 
K with hexagonal phase formed - primarily in grain boundaries, 
and after the saturation of boundary nucleation sites, phase transi-
tion also occurred within the matrix. [16,17,18] The chemical ex-
pansion is caused by a decrease in oxygen stoichiometry (Dd) asso-
ciated with an increase of ionic radius upon reduction of the B site 
cations with increasing temperature and decreasing oxygen partial 
pressure. The chemical, thermal, and total linear strains are defined 
as: 

 
where a is the lattice parameter and ao is the lattice parameter in 

the reference state. Analogously to Equation the chemical, thermal, 
and total expansions are defined as εc / Δδ, εTh / ΔT, and εT / ΔT. 

McIntosh et al. [19] measured the chemical and thermal expan-
sion of BSCF between 873 and 1173 K in oxygen partial pressures 
between 1×10-3 and 1 atm. The measured thermal and chemical 
expansion coefficients are 19.0(5)-20.8(6) ×10-6 K-1and 0.016(2)-
0.026(4) ×10-6 K-1, respectively. 

 By considering the distribution of the stresses in the thin film as 
a simple model of a bimetallic strip where two layers of materials 
with different thermal expansion coefficients are tightly bonded, 
stress is defined as [20]: 

 

Where Ei (i = 1,2) is the Young’s modulus of the layer, w width 
of the layer, ΔT is the temperature change, hi (i=1,2) is height of 
the layer, and αi (i=1,2) is thermal expansion coefficient of the 
particular layer. The strain in this case is given by: 

where ε0 is a maximum strain at the bonding surface between the 
substrate and deposited film. The thermomechanical properties and 
dimensions of our PLD-sample are w = 8-10 mm, h1 = 500 nm, h2 
= 500 mm, E1=63.3 GPa (BSCF), E2=248.17 GPa (MgO), 
a1=11.5×10-6 K-1 (BSCF), and a2 = 9.83×10-6 K-1 (MgO) [21]. Us-
ing the previous parameters and Equation the calculated maximum 
strain is ε0 = 0.78% for the temperature change in our PLD process 
DT= 800 K. Thermal strain calculated from Equation is almost four 
times larger than the chemical strain of the BSCF measured by 
McIntosh et al. [19]. 

Cracking of the dense thin films deposited at 1073 K can thus be 
(apart from phase transition) attributed to differences in thermal 
expansion coefficient of the BSCF thin film and the substrate. 
Thermal expansion curves of dense BSCF samples show anoma-
lous behavior with a sudden increase in the total expansion rate 
between 773 K and 923 K, due mainly to the loss of lattice oxygen 
caused by the reduction of Co4+ and Fe4+ to lower valence states 
[22-23]. Thermal expansion coefficients (TECs) of BSCF obtained 
by different groups are summarized in Table 2. 

In order to examine the phase stability of the BSCF, DTA meas-
urements were performed. The DTA experiment with 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ powder showed no signs of phase transfor-
mation, but this does not exclude the possibility of certain crystal 
structure transformations. During this experiment, powder was 
heated up to 1273 K with a heating rate of 10 K min-1. 

Cracks and delamination of the thin film were only noticed at 
higher temperatures and with dense layers. There were no cracks in 
the columnar thin films. Due to the grain boundary relaxation, thin 
films with fibrous and columnar grains did not show any cracks 
and delamination. 

Thin films deposited at 573 K and 873 K (experiments 12 and 
13) were annealed at 873/973/1073 K to examine structural chang-

 

(1) 

 

(2) 

 
(3) 

Table 2. Summary of the experimental results for TEC of the BSCF, together with calculated microstrain (see text, Equation (3)). Elastic 
module of the BSCF is E1=63.3 GPa [22-23] and of MgO is E2=248.17 GPa.  

Chemistry Temperature ranges Microstrain (%)  Ref.  
Ba0.5Sr0.5 Co0.8Fe0.2O3 303-573 K 773-973 K 1073-303 K cooling   

x=0.00 16.2 22.1 19.7   [25] 
x=0.10 14.4 26.7 19.6     
x=0.15 13.4 26.6 19.2 0.787   
x=0.20 13.1 25.4 18.7     

            
Ba0.5Sr0.5Fe1-xCoxO3-δ 873-1273 K 298-1273 K 1273-393 K cooling     

x=0.20 25.1 29.8 17.3   [24] 
x=0.40 23.9 26.0 17.7     
x=0.60 26.4 24.5 18.2 0.787   
x=0.80 24.9 22.0 18.4     

            
Ba0.5Sr0.5Co0.8Fe0.2O3-δ 323-473 K 473-773 K 773-1173 K     

  16.92 13.85 16.74 0.786 [22-23] 
            

All TEC data are given in 10-6K-1           
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es and possible differences compared to the thin films deposited at 
these temperatures. 

XRD analysis was performed after deposition of the thin film, 
and after each step of annealing. 

Annealing of the Ba0.5Sr0.5Co0.8Fe0.2O3-δ produced significant 
changes in x-ray diffraction pattern of the resulting material, as can 
be seen in Figure 4. The cubic perovskite phase of BSCF 
transforms gradually, with increasing temperature, to a hexagonal 
polymorph. 

In this work, we have explored the parameters for the deposition 
of thin and dense BSCF films produced by the PLD technique. The 
microstructure and morphology of the thin films varied, depending 
on the deposition factors – mainly substrate temperature and oxy-
gen partial pressure. 

Temperature has a major effect on the density and structure of 
the thin films while oxygen partial pressure in the range from 6.66 
to 39.99 Pa affects the thin film expansion towards the substrate. 

Dense, thin BSCF films, with thickness of 400 – 450 nm were 
produced at 1073 K in 6.66 Pa and 26.66 Pa of oxygen and were 
mainly separated from the substrate with visible deformations on 
the whole surface. The deformations clearly show that the thin film 
expanded more than the substrate. The thin film was delaminated to 
a large extent from the substrate surface with both substrates used 
(Si with a native oxide and MgO). More deformations were present 
under 26.66 Pa (Si substrate) than with the thin film deposited at 

the same temperature under 6.66 Pa of oxygen (MgO substrate). 
This could lead to the conclusion that low oxygen partial pressure 
together with high deposition temperature (1073 K) and a substrate 
with appropriate TEC could be responsible for the deposition of 
thin films with high density and without cracks. 

Cracking and delamination of the dense BSCF thin films deposit-
ed at higher temperatures are most likely due to the phase transfor-
mation and previously disscussed difference in thermal expansion 
coefficient for BSCF and substrate material and oxygen non-
stoichiometry of BSCF thin films. Nonexistence of cracks and de-
lamination of thin films with a columnar structure is probably 
caused by the fact that columnar and fibrous grains relax due to the 
larger number of grain boundaries. 

Thin films deposited at 573 K and 873 K and annealed at 
873/973/1073 K were positively influenced by the annealing. The 
annealing process induced grain growth, densification and in-
creased crystallization determined by XRD experiments before and 
after the annealing process. 

For future research, the range of processing parameters must be 
extended in order to improve the microstructure of thin BSCF films 
and prevent cracking and delamination. 

This research was done with the support of the Swiss Federal 
Commission for Scholarships for Foreign Students and the Ministry 
of Science and Technology of Republic of Srpska. 

 

Figure 4. Diffractograms of Ba0.5Sr0.5Co0.8Fe0.2O3-δ deposited at 573 K (experiment 12) and annealed at 973 K and 1073 K with marked 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ peaks of cubic (■) and hexagonal (▲) polymorphs. 
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